Rising temperature and tropospheric ozone (O 3 ) concentrations are likely to affect carbon assimilation processes and thus the carbon sink strength of trees. In this study, we investigated the joint action of elevated ozone and temperature on silver birch (Betula pendula) and European aspen (Populus tremula) saplings in field conditions by combining free-air ozone exposure (1.2 × ambient) and infrared heaters (ambient +1.2 °C). At leaf level measurements, elevated ozone decreased leaf net photosynthesis (P n ), while the response to elevated temperature was dependent on leaf position within the foliage. This indicates that leaf position has to be taken into account when leaf level data are collected and applied. The ozone effect on P n was partly compensated for at elevated temperature, showing an interactive effect of the treatments. In addition, the ratio of photosynthesis to stomatal conductance (P n /g s ratio) was decreased by ozone, which suggests decreasing water use efficiency. At the plant level, the increasing leaf area at elevated temperature resulted in a considerable increase in photosynthesis and growth in both species.
Introduction
Increasing temperature is known to increase leaf net photosynthesis up to an optimal level (Farquhar et al. 1980 , Bernacchi et al. 2001 , and thus warming climate may increase the carbon assimilation and sequestration by northern tree species. Studies of elevated temperature effects on northern deciduous trees in field conditions are rare. Responses of the species are dependent on the temperature range in question and on species temperature optima (Tjoelker et al. 1998 , Ryan 2010 . In a recent synthesis of temperature responses on trees, photosynthesis parameters, the maximum rate of carboxylation of Rubisco (V cmax ) and the maximum rate of electron transport (J max ) were found to correlate positively with warmer temperature but there was no evidence for acclimation of these parameters in trees grown in a warming climate (Way and Oren 2010) . In addition to photosynthesis, temperature affects virtually all other chemical, biochemical and physiological processes in plants, and therefore the resulting effect of increasing temperature on growth may differ in magnitude and direction (Rustad et al. 2001 , Saxe et al. 2001 . Furthermore, temperature seems to have an important influence on plant phenotype (Way and Oren 2010) and canopy duration (Vitasse et al. 2009 ) and the temperature effect is likely to be dependent on other environmental factors.
The interactive effects of warming and ozone on tree growth in field conditions are not known. Increasing tropospheric ozone as an oxidative stress may decrease the carbon sink strength of trees and forests in a changing climate (Kolb and Matyssek 2001 , King et al. 2005 , Wittig et al. 2009 ). This may be due to reduced carbon assimilation, increased demand for repair and defense processes, and accelerated leaf senescence (Ashmore 2005 , Wittig et al. 2007 
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Downloaded from https://academic.oup.com/treephys/article-abstract/31/8/808/1673777 by guest on 19 January 2019 Fares et al. 2010) . Elevated temperature may decrease the uptake of ozone by reducing the stomatal conductance and possibly increase the ability of plants to defend against oxidative stress through enhanced photosynthesis efficiency. On the other hand, plants are known to respond to increasing temperature by increasing specific leaf area (SLA) (Poorter et al. 2010) , and thinner or less dense leaves may be more susceptible to ozone (Bennett et al. 1992 , Pääkkönen et al. 1995 , Gerosa et al. 2003 , Ribas et al. 2005 . In addition, the combined effect of ozone and temperature on the timing of leaf senescence may have a profound effect on ecosystem productivity.
When studying cell level processes like photosynthesis, the events in cells might be determined more by the developmental stage and size of leaves than by the treatment, which should be addressed if the plants are growing in different conditions and showing supposedly different growth rates (Heath 1999 , Taylor et al. 2005 . Coleman et al. (1995) stated that carbon partitioning in aspen (Populus tremuloides) was affected by ozone treatment, clone and leaf position in a complex manner. In Populus nigra, Fares et al. (2010) demonstrated a changing defense against ozone along the plant axis, with a vertical profile of foliar phenolic and volatile compounds. Thus, the selection of a certain leaf to be measured is a problem, especially in the case of plants with indeterminate growth, if growth and leaf production rates are different between the treatments. Measuring only one leaf may inadequately describe the response at the plant level, even if the leaf plastochron index is used as a leaf age determinant (Taylor et al. 2005) .
The reduced rate of photosynthesis (P n ) by ozone in mature and old leaves has been detected in long-term field exposure (Kull et al. 1996) as well as in chamber experiments (Reich 1983 , Bagard et al. 2008 . Martin et al. (2001) have scaled the leaf level results of photosynthesis under ozone exposure to plant level with a tree growth model, also taking into account the position of the leaves. However, ozone is a challenging target to study since its effect is known to be dependent on other growth conditions (Skärby et al. 1998 , Kolb and Matyssek 2001 , Poorter and Pérez-Soba 2001 , Yun et al. 2001 ). There is some evidence from an open-field experiment that, although elevated CO 2 may ameliorate the harmful effects of ozone in the case of recently matured leaves, ozone might still decrease the photosynthesis of older leaves of aspen (P. tremuloides) (Noormets et al. 2001) . Is this also the case with ozone and elevated temperature?
In this study, we investigate the joint action of elevated ozone and temperature on the growth and carbon assimilation of silver birch (Betula pendula Roth) and European aspen (Populus tremula L.) saplings in field conditions, by combining free-air ozone exposure and infrared heaters. Silver birch and European aspen are both rapidly growing deciduous tree species in Finland, and the proportion of birch in southern Finland is expected to rise considerably in managed forests by the end of this century (Kellomäki et al. 2008) whereas the future success of aspen in Finnish forests is relatively undefined.
Based on current knowledge, we hypothesize that: (i) leaf position within the foliage and leaf age have an influence on leaf level responses to warming and ozone; (ii) ozone stress and warming have contrasting effects on the growth of trees and autumnal canopy duration; and (iii) gas exchange of birch and aspen is modified by the interaction of warming and ozone, resulting in altered growth.
Materials and methods

Plant material and experimental setup
Four micropropagated genotypes of silver birch (B. pendula Roth) and European aspen (P. tremula L.) were used in this study. Birch genotypes (Bp12, Bp14, Bp15 and Bp25) were randomly selected from a naturally regenerated birch stand growing in a research forest area in Punkaharju (Finnish Forest Research Institute, 61°48′N, 29°18′E), thus representing natural genotypic variation within this intensively studied population. Aspen genotypes (Pt2.2, Pt5.1, Pt5.2 and Pt6) were originally from naturally regenerated trees from various forests in southern Finland (61-62° N/lat. 25-30° E/lon.). On 21-22 May 2007, the micropropagated saplings, ~15 cm in height, were planted in 10 l pots containing fertilized sphagnum peat (Kekkilä Finnpeat) and quartz sand (1/2, v/v).
The co-exposure to ozone and elevated temperature was arranged in the open-field experimental area located at the University of Eastern Finland, Kuopio campus, described e.g. in Karnosky et al. (2007) , Häikiö et al. (2007) and Hartikainen et al. (2009) . Ten potted plants per genotype were randomly chosen and transferred to each of four elevated ozone exposure rings (Ø 10 m) and four ambient ozone rings, serving as a control treatment. Each exposure ring was split into two subplots, one with elevated temperature and one without. Birch and aspen (five saplings of each of the four genotypes) were located in two separate 1.1 × 1.4 m areas. The pots were buried in soil at a depth of circa 15 cm and surrounded by soil to avoid excess heating of the pots. Plants were fertilized with N:P:K 19:5:20, yielding 33 kg N ha −1 year −1 , and watered with lake water, resulting in an average daily soil water content >20% (SM-200, Delta-T Devices, Cambridge, UK). Exposure saplings were surrounded by additional saplings to prevent border effects. The treatments were as follows: control, elevated temperature (eT), elevated ozone (eO), and combined elevated ozone and temperature (eOeT).
Elevated ozone and temperature treatments
Ozone exposure was realized with vertical perforated pipes around the field, releasing generated ozone online from an upwind direction 1.2 × ambient exposure. To create the openfield elevated temperature treatment, infrared heaters (CIR-110, O 3 + temperature in carbon assimilation processes 809
Frico AB, 1000 W, wavelengths >800 nm) were used. Heaters, 1.26 m long, were installed 70 cm above the top of the saplings and the distance was kept constant during the season by lifting the heaters according to plant growth. Shields of the same size were utilized in control treatments to mimic the shading effect of the heaters. Air temperature and humidity were monitored from all plots with thermometers (HMP 35A and Humitter 50Y, Vaisala) and humidity sensors (HMP 35A, Vaisala) installed inside a thermometer screen in the canopy, 85 cm from the radiators. Soil temperature was monitored with thermocouples at a 3 cm depth, from one pot in each plot.
In 2007, the average ozone concentration in the elevated ozone treatment was 1.2 × ambient (Jun-Oct.), measured in the middle of the field at 1.5 m height ( Table 1 ). The whole season AOT40 value (accumulated over a threshold of 40 ppb) was 0.1 ppm h in ambient air and 4.9 ppm h in elevated ozone rings. The temperature treatment was on average +0.8 °C above the ambient air temperature (Jun-Oct.) (Table 1) . Tests on the effects of heaters on leaf temperature showed that the leaf temperature was ~0.5 °C higher than the measured air temperature (Riikonen et al. 2009 ). As the temperature increased, the relative humidity of air decreased by 4-5% (from an average of 80.6% to 76.2%) due to heating. Soil temperature was increased by 3.4 °C in June and on average by 0.4 °C in July-October.
Photosynthesis and growth measurements
One random birch and aspen genotype (Bp12 and Pt5.2, respectively) were used for studying light-saturated net photosynthesis (P n ) and stomatal conductance to water vapor (g s ). These gas exchange measurements were made with a LI-COR 6400 photosynthesis measuring device (LI-COR Biosciences, Lincoln, NE, USA) in sunny weather on 2-9 August 2007, between 10 a.m. and 4 p.m. Similar conditions were used for all treatments: the temperature in the cuvette was 23 °C, a LED light source was used to give light at a level of PAR of 1200 µmol m −2 s −1 , CO 2 concentration was 360 ppm, air flow through the cuvette was a constant 500 µmol s −1 and reference humidity was 36.9 ± 0.4% (±SE, experimental plots).
For the vertical plant profile, every second leaf from seedling apex to base was measured for P n (µmol CO 2 m −2 s −1 ) and
. The size of the measuring cuvette was 2 × 3 cm and leaves large enough to fill the cuvette were measured (in birch leaves 4-25 from the top and in aspen leaves 4-33). Measurements were made for three mediumsized saplings in each replicate unit and each replicate was an average of these three measurements. In birch, the P n of a representative sized branch was also measured. Maximum P n was determined as the highest value of photosynthesis measured in any of the leaves.
The same leaves used for P n measurements were determined for leaf area, which was estimated by measuring maximum leaf length and width and by using linear models to calculate leaf area. For generating leaf area models, 124 aspen leaves and 155 birch leaves of different sizes, genotypes and treatments were measured for maximum length and width and a silhouette was drawn and analyzed with Adobe Photoshop Elements 3.0. The equations used for the leaf area calculations were as follows: Leaves for SLA (cm 2 g −1 ) measurements were collected on 17 August by selecting one mature leaf from all five saplings to form a pool of five leaves per genotype per subplot. The leaf areas of pressed leaves were scanned and analyzed (Adobe Photoshop Elements 3.0) and, after drying at +40 °C for 2 days, the dry weights of leaves were measured.
At the end of the season, all saplings were measured for height and stem base diameter and the oven-dry stem biomass of aspen was weighed. As there were no genotype × treatment interactions, except for aspen's maximum number of leaves, the combined growth data of all genotypes are presented in the paper. The separated growth data of all genotypes are shown in the supplementary data (see Table S1 available as Supplementary Data at Tree Physiology online). Birch biomass was not harvested because the experiment was continued for 19.4 ± 0.4 21.3 ± 1.2 9.7 ± 0.2 10.3 ± 0.2 86.7 ± 1.8 83.1 ± 1.0 8.6 ± 1.5 8.8 ± 0.8 Oct.
20.4 ± 0.6 21.1 ± 1.0 6.0 ± 0.2 6.5 ± 0.8 86.1 ± 1.9 82.5 ± 1.1 5.3 ± 1.6 5.9 ± 0.8 another year. The aspen saplings that had suffered from the shoot blight pathogen Venturia tremulae were excluded from all the measurements. Root biomass was measured from one aspen sapling per genotype per plot. The roots were washed, dried (+60 °C for 3 days) and weighed.
Senescence measurements
To follow the senescence process, leaf fall and N content of leaves were measured. The leaf number of one seedling of each genotype in each plot was counted at 10 time points during the season. Leaf abscission date (50 and 80% of leaves fallen) was estimated by a linear model between the two closest leaf countings. Samples for N analyses were collected from all genotypes and treatments separately by collecting one mature leaf at two time points (11 and 25 September). Samples were dried at +40 °C for 2.5 days and analyzed with Leco FP-528 (Leco Corporation Svenska, Upplands Väsby, Sweden).
Statistical analyses
When measurements were made for more than one sapling per genotype per experimental plot, the average of the measurements was used as a replicate. To present the outcome of the results, the means and standard errors for different treatments (control, eO, eT and eOeT) are presented in figures and in tables. The main effects and interactions of ozone and temperature were studied with a linear mixed model (SPSS 17.0 for Windows) having ozone and temperature (and leaf position for profile data, genotype for growth data and sampling time for nitrogen data) as fixed factors and exposure ring as a random factor. Normal distributions of the residuals were tested and the outliers were excluded. The P n /g s data were log 10 transformed to achieve normal distribution of the residuals. Pairwise comparisons were performed for interpreting the significant interaction between ozone, temperature and leaf position (sampling time for nitrogen data).
Results
Vertical profile of net photosynthesis and stomatal conductance
Gas exchange profiles indicate that there is a changing pattern of light-saturated rates of photosynthesis (P n ) along the vertical plant axis in birch ( Figure 1a ) and aspen ( Figure 2a ). In both species eO decreased photosynthesis; however, in O 3 + temperature in carbon assimilation processes 811 birch the decreasing ozone effect appeared only in stem leaves but not in branches (data not shown). The temperature effect changed markedly, depending on leaf position (Figures 1a and 2a , Tables 2 and 3 ). In birch (genotype Bp12), a positive temperature effect was evident near the top of the plant, as photosynthesis level ( Figure 1a ) and leaf size ( Figure 1d ) were increased near the apex. Maximum photosynthesis in birch was measured at about the ninth leaf from the top. In aspen (genotype Pt5.2), the P n near the apex was lower at elevated temperature, and the leaf position of maximum P n in aspen was changed by elevated temperature (Figure 2a) . In both species, the maximum P n value of the sapling was increased by elevated temperature (Figures 1a  and 2a , Table 3 ). An interactive effect of temperature and ozone on gas exchange was found (Table 3 ) and significant interactions were examined with pairwise comparisons. In both species, elevated temperature diminished the ozone effect on photosynthesis: in birch, however, the ozone effect was significant on trees grown at both ambient (P < 0.001) and elevated temperature (P = 0.021). In aspen, the negative ozone effect on P n was significant only at ambient temperature (pairwise comparison, P = 0.002), as the elevated temperature caused an increase in the P n profile at elevated ozone (P = 0.011).
Stomatal conductance (g s ) level decreased in trees grown at elevated temperature in both species (Figures 1b and 2b) . Through O × T interaction, ozone counteracted the elevated temperature-caused decline in birch g s (Tables 2 and 3 ). The ratio of photosynthesis to stomatal conductance (P n /g s ) was affected in both species by leaf position and was higher in eT than in the control treatment (Figures 1c and 2c , Tables 2 and  3 ). Ozone counteracted the temperature effect on the birch P n / g s ratio (O × T P = 0.001), as ozone decreased P n /g s particularly at elevated temperature (P = 0.003) (Figure 1c and Table 3 ). The highest P n /g s ratios in aspen were found in the youngest leaves (Figure 2c ).
Leaf and growth parameters
Elevated temperature increased leaf area in both species (Tables 2 and 3 ). The maximum number of leaves in birch increased by 28%, while in aspen temperature did not have a main effect on maximum leaf number (Table 4) . On the other hand, the maximum leaf size did not change in birch (Bp12) in response to any treatment (Figure 1d increased significantly (by 64%) in aspen (Pt5.2) by elevated temperature (Figure 2d , Tables 2 and 3 ). Specific leaf area was increased by elevated temperature in both species and decreased by ozone in birch (Tables 2 and 3) .
The stem height in birch and the stem base diameter in both species were significantly increased by elevated temperature (Table 4 ). The increase in birch stem height was on average 23%. The change in stem base diameter caused by elevated temperature was +11% in birch and +13% in aspen. In accordance with stem diameter results, the stem biomass (dw) of aspen was significantly increased by temperature (39%). Elevated temperature also had a significant positive main effect on root growth (Table 4) . However, the biomass of roots in genotype Pt5.2 showed an increase due to temperature only at an elevated ozone level (see Table S1 available as Supplementary Data at Tree Physiology online). Although genotype had a significant effect on almost all growth parameters in both species (Table 4) , the effect of temperature was similar (except for T × G interaction in aspen max. number of leaves) in each studied genotype (see Table S1 available as Supplementary Data at Tree Physiology online).
O 3 + temperature in carbon assimilation processes 813 Table 2 . Average gas exchange values from vertical plant profile and leaf parameters of birch (B. pendula, genotype Bp12) and aspen (P. tremula, genotype Pt5.2) grown in an open-field experiment with elevated ozone (eO), elevated temperature (eT) and combination treatment (eOeT). Values are mean ± SE (n = 4). 1 One representative branch. Table 3 . P values for main and interactive effects of ozone, temperature and leaf position on gas exchange profile data and leaf parameters in birch (B. pendula) and aspen (P. tremula) saplings (genotypes Bp12 and Pt5.2). Statistically significant effects by a linear mixed model with P values <0.05 are shown. 
Autumn senescence process: leaf fall and nitrogen concentration
Changes in leaf abscission rate were not apparent in the middle phase of senescence, but at the end of the season both species responded to the eT treatment with delayed abscission (Table 5 ). The date for 80% of leaves fallen or yellowed was delayed on average by 4 days in birch (Bp12) and by 10.5 days in aspen (Pt5.2). Elevated temperature effect on leaf fall was also significant (P < 0.05) when considering all genotypes. The nitrogen concentration (% of leaf dry weight) in birch was affected by ozone × sampling date interaction ( Table 5 ), so that the nitrogen concentration was decreased by ozone (P = 0.012) at the later sampling date (day 268, 25 September).
Discussion
In this paper, we demonstrate the changing patterns of gas exchange profiles along the vertical axis of birch and aspen saplings in an open-field study. As an interactive effect, elevated temperature compensated for some but not all of the negative effects of ozone on photosynthesis in these species. However, the magnitude and direction of leaf level temperature effects were dependent on leaf position. Changes in gas exchange were accompanied by changes in growth and senescence parameters.
Leaf position and age have an influence on leaf level responses
The effects of elevated ozone and temperature depended on leaf position. The general pattern of the photosynthesis profile in birch did not change considerably due to treatments, whereas in aspen the shape of the profile was changed. The magnitude and direction of temperature effects were determined by leaf position, demonstrating changes in leaf developmental processes by temperature. The plant vertical profiles in this study may have followed a dynamic optimization system for leaf production and senescence in each treatment (Hikosaka 2005, Anten and Poorter 2009 ). The photosynthesis parameters (V cmax and J max ) of trees have been found to correlate positively with temperature, but when compared at the same temperature (25 °C) there was no evidence for changes in response to growing temperature, whereas the Table 4 . Growth parameters of birch (B. pendula) and aspen (P. tremula) saplings in open-field experiment with elevated ozone (eO), elevated temperature (eT) and combination treatment (eOeT), after one growing season. There are four genotypes of both species included and five saplings of each genotype per plot measured (except roots: 1 sapling/genotype/plot), and values are mean ± SE (n = 4, plots, except in number of aspen leaves n = 3-4). Statistically significant main effects and interactions by linear mixed-model with P values <0.05 are shown. (O = ozone, T = temperature and G = genotype main effects and interactions). 137.1 ± 13.1 142.6 ± 10.5 184.2 ± 9.6 183.3 ± 14.3 T, G Aspen Height (cm) 164.9 ± 9.1 164.2 ± 2.6 167.5 ± 3.8 175.5 ± 8.7 G Stem diameter (mm) 12.0 ± 0.6 11.4 ± 0.5 13.3 ± 0.4
Control
37.8 ± 4.5 33.6 ± 1.3 49.5 ± 2.5 50.1 ± 2.8 T, G Root dry weight (g) 27.3 ± 2.3 21.5 ± 1.6 34.0 ± 1.7 39.4 ± 2.2 T, G Birch Control 265.8 ± 2.3 273.6 ± 1.5 1.01 ± 0.06 1.02 ± 0.08 eO 264.3 ± 0.8 273.1 ± 0.8 0.95 ± 0.06 0.89 ± 0.07 eT 265.4 ± 3.7 277.9 ± 1.8 1.22 ± 0.12 1.31 ± 0.20 eOeT 266.5 ± 0.6 277.5 ± 0.8 1.03 ± 0.05 0.89 ± 0.08
Control 272.7 ± 3.8 281.4 ± 3.3 1.00 ± 0.07 1.02 ± 0.10 eO 270.6 ± 0.5 280.4 ± 1.1 0.92 ± 0.06 0.87 ± 0.10 eT 273.8 ± 2.3 296.6 ± 7.6 1.07 ± 0.08 1.06 ± 0.15 eOeT 271.1 ± 4.8 284.7 ± 4.8 1.01 ± 0.01 1.13 ± 0.14 P ≤ 0.05 -T -dark respiration (R dark ) shows strong thermal acclimation (Way and Oren 2010) . Our data, measured at a fixed temperature (23 °C), showed a minor increase in average P n as a consequence of warmer growing conditions, but within the foliage there was adjustment of photosynthesis in both directions. Leaf selection for comparison plays an important role in detecting the effects. The highest P n of the plant increased at warmer growing conditions more clearly than the profile average P n . On the other hand, the observed lack of an effect at the lower part of the foliage may be explained by acclimation to reduced light availability at the lower canopy leaves, due to increased shading by larger leaf area (Hikosaka 2005) . The observed changes in the aspen profile indicate changes in growth processes, thus supporting the findings that temperature modifies the growth form of trees (Way and Oren 2010) also within foliage. The effects of ozone have been shown to be dependent on the developmental stage of leaves in both Betula (e.g., Oksanen et al. 2007) and Populus species (Reich 1983 , Kull et al. 1996 , Bagard et al. 2008 , showing a stronger effect on mature than on developing leaves. The high level of P n /g s in the youngest leaves of aspen may reflect the ability of developing leaves to cope with elevated ozone (Tjoelker et al. 1993 , Fredericksen et al. 1996 , Kolb and Matyssek 2001 . According to Oksanen et al. (2005) , the sensitivity of aged birch leaves to ozone stress is due to a higher ozone load and impaired detoxification capacity. In the current experiment, the ozone effect on birch photosynthesis was fairly regular throughout the profile, in spite of the dose (concentration × time)-dependent higher ozone load to older leaves. However, in accordance with previous studies concerning the sensitivity of older leaves, the ozone effect in birch was more clearly observed in stem leaves compared with branch leaves established later.
Temperature compensates for ozone effects
The negative effect of ozone on the photosynthesis level of leaves was partly counteracted by increasing temperature in both species. These opposite responses of P n to temperature and ozone are in accordance with the gas exchange findings of birch in the second growing season in the same field experiment (Riikonen et al. 2009 ). However, the current study also found an interacting effect of ozone and warming. In both species, elevated temperature diminished the negative ozone effect on the P n profile. Despite this compensating interaction, the simultaneous warming did not completely offset the negative effect of ozone in either species: the effect of ozone on the P n profile in birch was lower, but also significant at elevated temperature, and in aspen the decline of P n in the lower part of the canopy was most precipitous in the combination treatment. The combination of ozone and the other climate factor, CO 2 , has previously been found to cause a decline in P n on aged aspen leaves (Kull et al. 1996) , especially in the case of the ozone-sensitive aspen genotype (Noormets et al. 2001) . Similarly, it can be concluded that elevated temperature alleviates the negative effect of ozone on net photosynthesis in recently matured aspen leaves, but the oldest leaves show susceptibility to ozone.
Based on measured gas exchange values, our results suggest that the warming climate may provide some protection against the ozone stress, in both birch and aspen, by reducing the level of ozone uptake by the leaves. Another reason for the reduced ozone effect in warmer conditions could be increased emissions of volatile compounds (Hartikainen et al. 2009 ), which provide protection against ozone (Loreto and Velikova 2001) . However, elevated temperature did not prevent the effect of ozone on average net photosynthesis per stomatal conductance ratio (eOeT vs. eT). Therefore, our results indicate incomplete protection and also the deleterious impact of ozone on birch and aspen in warming conditions.
Ozone disturbs stomatal acclimation to warmer climate
Increasing temperature is known to increase water loss through transpiration (Ridge 2002) ; thus it was not surprising to have lower g s as a regulatory response to elevated temperature treatments. In the current experiment, in addition to elevated temperature, slightly reduced air humidity is likely to have promoted stomatal closure in elevated temperature treatments. Despite the lower g s in trees grown at elevated temperature, the saplings were still able to maintain their photosynthesis level at the same level as in ambient temperature. Thus, increased P n /g s can denote better water use efficiency (Ripullone et al. 2004) , indicating an efficient inherent physiological acclimation capacity of these species to a warming climate. However, simultaneous elevated ozone and temperature exposure tended to reduce the magnitude of stomatal closure in birch and decreased P n /g s in both species, indicating elimination of the important protection and acclimation response. Altogether, the effect of ozone and other environmental factors on stomatal regulation is a very complex outcome of many antagonistic actions through ABA and ethylene signaling pathways (Wilkinson and Davies 2009) . Although the decrease of P n /g s in elevated ozone was partly due to reduced P n level, ozone stress is well known to impair the control of stomatal movement, causing sluggish stomatal responses (Paoletti 2005, Paoletti and Grulke 2010) . Decreased photosynthesis compared with stomatal conductance ratio as a response to ozone has been reported for cottonwood (Populus deltoides) (Gregg et al. 2006) . Consequently, under these two climate change factors, the decreasing water use efficiency at elevated ozone together with increasing leaf area and root growth in a warmer climate (see the section below) may suggest increasing water uptake and an accelerated water cycle through young birches and aspens. However, the decreasing water use efficiency by ozone may be balanced in birch by the co-occurring decrease of SLA. 
Temperature promotes plant level assimilation through increased leaf area
In both species, the total leaf area increased at elevated temperature, resulting in a considerable increase of the wholeplant level C assimilation. The number of leaves increased in birch, while in aspen leaf size was greatly increased, revealing the different strategies of different species to increase the long shoot leaf area in a warming climate. Higher carbon assimilation by a direct temperature effect in warmer conditions (Way and Oren 2010) probably partly explains the remarkable increase in leaf area. In addition to carbon assimilation, increasing temperature affects other processes (Norby and Luo 2004) , and developmental processes may actually be more sensitive to elevated temperature than photosynthesis (Parent et al. 2010) . This study showed an increase in SLA caused by temperature, and previous studies have shown that the leaf expansion of fully grown aspen (P. tremula) correlates well with the temperature sum (Sjödin et al. 2008) . Therefore, it is obvious that a warming climate will modify the leaf development and enlargement processes as well as the leaf and foliage phenotypes of northern tree species. This is reflected in the carbon assimilation and growth of the whole plant.
Elevated temperature had a significant positive main effect on plant growth. Although ozone exposure impaired the net photosynthesis of stem leaves of birch, the stem growth (diameter, height) remained unaffected after one growing season. Therefore, our study suggests that carbon assimilates under ozone stress was allocated relatively strongly to growth of shoots, possibly at the expense of roots, as found in previous ozone studies , Wittig et al. 2009 ). This was linked to the reduced net photosynthetic rate of stem leaves, serving as an important carbon source for roots. In aspen, the negative ozone effect was seen in root growth at ambient temperature but not when combined with elevated temperature. This compensation at elevated temperature treatment was possible through increased plant level net photosynthesis, and possibly as an adjustment to increased transpiration. In pot experiments, the volume of the pots may restrict root growth and, via source-sink limitation, affect leaf photosynthesis (Arp 1991) . However, our observations and the growth data from this experiment (in 10 l pots) do not suggest that the root growth, in this case, would have been limited.
Elevated temperature delayed the leaf abscission in autumn, whereas ozone-stressed plants resulted in lower nitrogen concentration, indicating earlier leaf senescence. These opposite effects of warming and ozone on autumn senescence processes were expected (Bassow and Bazzaz 1998 , Oksanen 2003 , Menzel et al. 2006 . After height growth was terminated, the possible carbon allocation of the remaining leaves was probably towards an efficient senescence process (Keskitalo et al. 2005) , including cold hardening (Riikonen et al. manuscript in preparation) , and in theory to growth of perennial plant parts, i.e., cambial and underground parts.
Conclusions
In this study, elevated temperature increased plant level photosynthesis, growth and autumnal canopy duration of silver birch (B. pendula) and European aspen (P. tremula) saplings. Plant level growth was linked to increased leaf area. The effects of ozone and temperature on leaf level gas exchange were dependent on species, leaf ontogeny and interaction of treatments. With reduced levels of ozone uptake by the leaves, warming compensated for, in part, the negative ozone-induced effects on gas exchange. The reduced ratio of photosynthesis to stomatal conductance caused by ozone may, on the other hand, affect acclimation to a warmer climate. Furthermore, the results showed that the photosynthesis dynamics along the plant profile was modified by the treatments. This emphasizes the uncertainty in comparable single-leaf measurements if the growth rates or leaf production rates are different between the treatments.
Supplementary data
Supplementary data for this article are available at Tree Physiology online.
